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ABSTRACT
The combination of coherent population trapping (CPT) and laser cooled atoms is a promising platform for
realizing the next generation of compact atomic frequency references. Towards this goal, we have developed an
apparatus based on the grating magneto-optical trap (GMOT) and the high-contrast lin ⊥ lin CPT scheme in
order to explore the performance that can be achieved. One important trade-off for cold-atom systems arises
from the need to simultaneously maximize the number of cold atoms available for interrogation and the repetition
rate of the system. This compromise can be mitigated by recapturing cold atoms from cycle to cycle. Here, we
report a quantitative characterization of the cold atom number in the recapture regime for our system, which will
enable us to optimize this trade-off. We also report recent measurements of the short-term frequency stability
with a short-term Allan deviation of 3× 10−11/√τ up to an averaging time of τ = 10 s.
Keywords: Coherent Population Trapping. Grating Magneto-Optical Trap. Microwave Atomic Clock. Laser
Cooling. Cold-Atoms. Micro-fabricated Grating Chips.
1. INTRODUCTION
After many years of development, atomic clocks based on laser cooled atoms are beginning to be made com-
mercially.1–3 These commercial cold-atom clocks utilize microwave interrogation of the sample and achieve a
short-term fractional frequency stability on the order of 10−13/
√
τ with the ability to average down to the level
of 3× 10−15 or better. The last two decades have also seen tremendous developments in atomic clocks based on
optical interrogation of microwave atomic resonances via the coherent population trapping (CPT) technique.4,5
Vapor cell clocks based on high contrast CPT6–8 have also recently achieved short term frequency stabilities
of a few times 10−13/
√
τ with long term behavior dominated by frequency drifts.6–9 In contrast to cold-atom
microwave clocks and vapor cell CPT clocks, systems that combine laser cooling and CPT interrogation have
been developed and studied relatively recently.9–16 The best of these cold-atom CPT systems has achieved a
short-term frequency stability of 1.3× 10−11/√τ , with the capability to average down to 1.8× 10−13.13 So far,
the short-term frequency stability of these cold-atom CPT systems has been mainly limited by technical noise,
and estimates based on the quantum projection noise limit17,18 indicate that the short-term performance could
be improved by more than a factor of ten.9,11 It is reasonable to imagine that the combination of cold atoms
and CPT might provide a route to realizing an atomic clock with a short-term frequency stability on the order
of 10−13/
√
τ , good long-term stability, and a compact physics package.11,19 However, there is still much work
to be done on the trade-offs in size and performance with different approaches to realizing compact cold-atom
systems.
One promising approach for reducing the size and complexity of cold-atom systems is the grating magneto-
optical trap20,21 (GMOT). In the GMOT, the three pairs of counter-propagating beams from a standard vapor
cell MOT22 are replaced by a single beam incident on a micro-fabricated diffraction grating, which generates
the remaining beams required to realize the MOT. Working towards the long-term goal of building a mobile
cold-atom CPT system, we have built an apparatus15,16 to study the performance that can be achieved with
lin ⊥ lin CPT6,23,24 and the GMOT. In this presentation, we will focus on recent improvements to our apparatus
that have allowed us to reach a short-term frequency stability of 3 × 10−11/√τ for τ < 10 s. In section 2, we
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quantify the trade-off in cycle time and atom number in the recapture regime25 for a GMOT based on three
linear diffraction gratings. In section 3, we summarize our apparatus and recent upgrades that have improved
the signal-to-noise ratio. In section 4, we report recent measurements of the frequency stability of our apparatus.
Finally, section 5 concludes the paper with a discussion of future directions for our GMOT CPT clock.
2. RECAPTURE WITH THE GRATING MAGNETO-OPTICAL TRAP
For compact cold-atom systems, it is important to maximize the number of cold atoms while minimizing the
sequence dead time.26–28 In many cases, this trade-off can be mitigated by recapturing the cold-atoms from
cycle to cycle.11,25,29 Here, we characterize the efficiency of atom recapture with a grating magneto-optical trap
(GMOT). We use a micro-fabricated chip formed of three linear diffraction gratings arranged with triangular
symmetry.20,21 The chip is held outside a glass vacuum cell. The vacuum is maintained by a 2 `/s ion pump. In
order to laser cool 87Rb atoms, we prepare light red detuned from the |F = 2〉 → |F ′ = 3〉 transition, and light
for hyperfine repumping, resonant with |F = 1〉 → |F ′ = 2〉 transition. The light is fiber-coupled in a common
single-mode optical fiber, collimated to a 1/e2 diameter of 20 mm, circularly polarized with a quarter-waveplate,
and the beam is directed to the grating chip. A pair of anti-Helmoltz coils, co-axial with the input beam and
centred on the overlap volume, provide a quadrupole magnetic field with an axial gradient of ∼ 15 G/cm.
During a typical experimental cycle, we load cold atoms into the GMOT for a time TL, then turn off the
magnetic gradient and cool the atoms to sub-Doppler temperatures in an optical molasses. The final cloud
temperature is T ≈ 40 µK, limited by a homogeneous bias magnetic field that is used to provide the quantization
axis for the CPT experiment. After the molasses, the MOT light is turned off and the atoms fall freely for a
time Tf . Then, the MOT light is switched back on. As long as the cold atoms remain within the capture volume,
they are quickly collected in the trap center.11,25,29 By operating in this recapture regime, one can obtain atom
numbers comparable to Nmax, the maximum atom number in a continuously loaded MOT, with load times that
are a fraction of the 1/e MOT loading time.
In order to quantify the trade-off between repetition rate, interrogation time, and number of cold atoms, we
have measured the steady state atom number as a function of the load time TL and the free fall time Tf . We
compare our results to a model of the MOT in the recapture regime developed by Rakholia et al.25 By modeling
the recapture process as a geometric sequence, Rakholia et al.25 show the expected steady-state atom number
is given by
Nss = Nmax
TL
Tc
1
1 + 1−r0βTc
. (1)
Here, Nmax is the maximum atom number when the trap is on continuously. β is the rate at which cold atoms
are lost, and 1/β is the 1/e MOT loading time.25 In typical operation, we measure loading time constants of
1/β ≈ 250 ms. Tc is the total cycle time, given by the sum of the load time, the molasses duration, and the free
fall time. Finally, r0 is the recapture efficiency, defined as the fraction of cold atoms recaptured at the beginning
of each cycle.25
We measured the recapture efficiency for our system as a function of the free fall time by loading a full MOT
from vapor, applying optical molasses, releasing the atoms for a time Tf , and then switching on the MOT. The
recaptured fraction was estimated by comparing the fluorescence from the cold atoms just after the MOT was
released to the fluorescence from the fully loaded MOT. The results are shown in Fig. 1a. For this study, we fit
the measured recapture efficiency data empirically. In future work, it would be interesting to build a model of
the recapture efficiency incorporating the geometry of the GMOT capture volume, the temperature of the cold
atom cloud, and the spatial distribution of the atoms.
The other panels of Fig. 1 (b-d) illustrate the trade-off between the cycle parameters and the steady state
atom number given the recapture efficiency in our apparatus. We find good agreement with the model developed
by Rakholia et al.25 combined with our measured recapture efficiency.
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Figure 1. (a) Measurement of the fraction of atoms recaptured in the GMOT. Blue points are measured data whilst the
red dotted line shows an empirical fit used to calculate the expected steady-state atom number. (b) Measurement of the
steady-state atom number, Nss achieved for different choices of loading and fall times, TL and Tf . (c-d) Measured data
(c) and calculated values (d) for Nss as a function of TL and Tf . Theoretical values are obtained through Eq. 1, where
r0 is given by the empirical fit. The steady state atom numbers are normalized to the maximum atom number measured
with a long loading time.
3. OPTICAL BENCH FOR LIN⊥LIN CPT
In this section, we briefly review the apparatus15,16 we are developing to investigate the performance that can be
achieved in a cold atom CPT frequency standard based on the GMOT and the lin ⊥ lin polarization scheme.6,23,24
We emphasize the addition of a phase locked loop (PLL) to our CPT apparatus, which has improved our short
term frequency stability by a factor of two.
Figure 2 outlines the apparatus used to generate the light for addressing the CPT resonance, deliver it to the
cold atoms, and detect the CPT signals. Light from a 795 nm ECDL locked to the D1 line of
87Rb is split into
two optical paths. In one path, the light passes through an acousto-optical modulator (AOM 1 in Fig. 2) driven
at frequency fAOM ≈ 200 MHz. In the other path, the light is modulated by a fiber-coupled electro-optical
modulator (EOM). We parameterize the frequency of the EOM driver as fEOM = fhfs + fAOM + ∆2,ph where
fhfs ≈ 6.8 GHz is the ground state hyperfine splitting and ∆2,ph is a frequency offset that we adjust to scan the
CPT resonances. The EOM is driven so that the zeroth and ±1 orders have approximately equal powers. After
these modulators, the two beams are recombined with a polarizing beam splitter (PBS).
By splitting the light from our ECDL into two paths, we are able to realize a pair of laser modes with
orthogonal polarizations, good phase coherence, and a frequency difference of approximately fhfs with a single
laser, rather than a pair of phase locked lasers.6,23,24 The use of a single laser for lin ⊥ lin CPT is attractive
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Figure 2. A schematic diagram of the optical system we have developed to realize lin⊥lin CPT with cold 87Rb atoms. The
bottom left of the diagram shows the components of the PLL that we have added to stabilize the relative phase of the two
CPT frequency components. The green symbols represent amplifiers and the mixer. (Inset) The Fourier spectrum of the
mixer output with low (high) gain on the feedback to the EOM driver with the red (blue) traces. With the PLL weakly
locked, one can see significant noise on the phase of the CPT beatnote. As the gain increases, this noise is suppressed
and the CPT beatnote is phase locked to our reference oscillator.
for our long term goal of building a robust, compact device, but the optical system shown in Fig. 2 also comes
with some drawbacks. In particular, fluctuations in the separated paths can cause noise on the relative phase of
the two CPT components, and this phase noise can degrade the performance of CPT frequency standards.9,12,30
Initial studies of the noise in our apparatus indicated that this optical phase noise was likely the dominant
limitation to the short term frequency stability of our apparatus. Therefore, we have implemented a phase
locked loop (PLL) to suppress the relative phase noise from the separated paths.
In order to implement the PLL, we split the combined beam using a non-polarizing beam splitter (NPBS)∗.
One output of the NPBS is detected with a fast photodiode while the other is sent to the cold atoms. With the
fast photodiode, we measure the RF beatnotes produced by the interference of the beam modulated by AOM 1
and the beam modulated by the EOM. We use a mixer to compare the phase of the CPT beatnote to a reference
signal from a commercial microwave synthesizer with frequency fmaster = fhfs + ∆2,ph. The output of the mixer
is used to steer the frequency of the EOM driver, suppressing the phase noise of the CPT beatnote as shown in
the inset to Fig. 2. In Sec. 4, we show the addition of the PLL also directly improves the short-term frequency
stability of our apparatus.
After picking off some light to stabilize the relative phase of the CPT components with the PLL, we use
the remainder of the light to interrogate the cold atoms. The combined beam passes through another AOM
(AOM 2 in Fig. 2), which is used to generate pulses for the Ramsey CPT sequence.23 After the AOM, the beam
is coupled into an optical fiber, and then directed through the cold atoms. Once all of the AOM frequency shifts
are accounted for, including an AOM in the saturated absorption set up used to lock the ECDL (not shown
in Fig. 2), the light incident on the atoms contains the two lin ⊥ lin CPT frequency components, which are
resonant with the |F = 1, 2〉 → |F ′ = 2〉 hyperfine transitions in the 87Rb D1 line. We use the |F ′ = 2〉 excited
state in order to minimize the magnetic field sensitivity of the CPT Ramsey fringes as well as maximize the
fringe amplitude.16,31 The CPT beam also contains several non-resonant frequency components. The zeroth
∗It is also possible to obtain light for the PLL using the free port of the PBS which recombines the two beams, but
we have found that the intensity and the polarization of the light delivered to the atoms is more stable if we use a NPBS
to pick off light for the PLL after recombining the two independent paths.
order component of the EOM output is of particular interest because it is detuned from the |F = 2〉 to |F ′ = 2〉
transition by approximately 200 MHz. We plan to study the light shifts caused by the nearby sideband in future
work. All the other frequency components are detuned by at least the hyperfine splitting.
A typical measurement sequence consists of loading the GMOT and then cooling the atoms in an optical
molasses. The molasses is followed by a CPT Ramsey sequence consisting of a dark state pumping pulse, a free
evolution period and a detection pulse.23 We measure CPT spectroscopy signals by scanning the frequency of
our microwave synthesizer (PLL master in Fig. 2) and observing the transmission of the cold atoms. The CPT
Ramsey fringe signal arises from the transient change in the transmission of the cold atoms at the beginning of
the detection pulse.23 We measure the transmission of the cold atoms by using two photodiodes,9,11 one before
and one after the beam interacts with the atoms (PD 1 and PD 2 in Fig. 2). With these two signals, it is
possible to significantly suppress the influence of the intensity noise9,11 of the CPT beam on the detection. This
normalisation process happens in two steps.9,11 The first step is to calculate the ratio of the two photodiode
signals. Then, we take a second ratio to compare the integrated transmission at the beginning of the detection
pulse to the integrated transmission after several multiples of the dark state-pumping time. With this double
normalisation, we can suppress the laser intensity noise by a factor of 20 compared to the signal obtained from
the beginning of the detection pulse with a single photodiode. This second normalisation can also be done by
integrating the transmission at the end of the pumping pulse,9,11 but we obtain a small improvement in the
intensity noise cancellation by normalising against the end of the detection pulse at the cost of a small increase
in the duration of the measurement sequence. A typical T = 10 ms Ramsey fringe obtained in our apparatus is
shown in the inset to Fig. 3.
4. FREQUENCY STABILITY MEASUREMENTS
To quantify the frequency stability of our apparatus, we ran the experiment sequence described in Sec. 3 re-
peatedly. For these measurements, we loaded cold atoms for about 70 ms, and the Ramsey time was set to
T = 10 ms, corresponding to a detected Ramsey fringe pattern of width ∆f = 50 Hz. The steady state atom
number was Nss ≈ 1×107, which is about 65% of the maximum atom number. The signal-to-noise ratio was ap-
proximately 40 in a single shot. During the measurement, the frequency of the PLL master oscillator alternated
between the frequencies fp±∆f/2 where fp is the RF frequency corresponding to the peak of the central Ramsey
fringe. This allowed us to measure the frequency difference between the mean oscillator output frequency and
the atomic resonance frequency. The master PLL oscillator is referenced to a GPS disciplined oscillator, which
has a specified fractional frequency stability of < 1 × 10−12. Figure 3 shows the standard Allan deviation of
these measured frequency differences taken with (grey circles) and without (red diamonds) the PLL operating.
With the PLL operating, the short-term stability is σy(τ) = 3×10−11/
√
τ for an observation time up to 10 s,
after which the frequency stability reaches a floor near 1 × 10−11. This shows an obvious improvement to the
stability without the PLL, which has a short-term stability of σy(τ) = 6× 10−11/
√
τ , and directly corresponds
to improving the SNR on the side of the fringe from 20 to 40 by implementing the PLL.
Further investigation into the frequency stability limit near 1×10−11 is currently underway. Since our system
is unshielded, we operate with a relatively large bias field in order to ensure the quantization axis is well defined
despite the presence of magnetic gradients. This means one likely source for the frequency instability is drift in
the bias field. In order to probe the role of bias field fluctuations in the stability floor, we also measured the
stability of our apparatus at a lower bias field value (Fig. 3 blue squares). As shown in Fig. 3, the data are
consistent with a small improvement when reducing the magnetic bias field.
5. CONCLUSION
With the addition of the PLL to suppress the relative phase noise, our apparatus based on lin ⊥ lin CPT and the
GMOT has achieved a short-term frequency stability of σy(τ) = 3× 10−11/
√
τ . The recent improvements in the
signal-to-noise ratio of our apparatus are encouraging, and we plan to continue to push towards the fundamental
limit set by quantum projection noise. In particular, fluorescence detection is a promising approach to improve
the signal-to-noise ratio.10 With our current measurement sequence, we estimate that a frequency stability17,18
of σy(τ) = 2× 10−13/
√
τ could eventually be achieved.
Figure 3. Measurements of the frequency stability of our apparatus in three configurations. Experimental data is shown
with a free evolution time of 10 ms for CPT bias fields B ∼270 mG with the PLL locked (grey circles); B ∼270 mG with
the PLL unlocked (red diamonds) and B ∼140 mG with the PLL locked (blue squares). Additional straight lines are
plotted to show the 1/
√
τ coefficients for the PLL locked and unlocked. The total CPT power reaching the atoms was
30 µW and no steering from the Ramsey fringes is applied to the oscillator. (Inset) a typical T=10 ms Ramsey fringe
obtained in our apparatus. The transmission was integrated for 28 µs and 100 µs for the detection and normalization
regions described at the end of section 3. The data has been normalized again in post processing so that the peak of the
Ramsey fringes corresponds to a transmission of 1.
In the short term, we plan to focus on upgrading our apparatus to improve the mid-term stability past the
current floor near 1× 10−11. We hope to accomplish this by retro-reflecting the CPT beam to suppress Doppler
shifts11 and by adding a magnetic shield to suppress the influence of magnetic field noise. In the long term, we
plan to leverage the relative simplicity of the GMOT to develop a compact, transportable cold-atom CPT clock.
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